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Immunometabolism in atherosclerosis: a new

understanding of an old disease

Michelangelo Certo ® *, Mahsa Rahimzadeh @ "%, and Claudio Mauro ® '

Atherosclerosis, a chronic inflammatory condition, remains a leading cause of
death globally, necessitating innovative approaches to target pro-atherogenic
pathways. Recent advancements in the field of immunometabolism have high-
lighted the crucial interplay between metabolic pathways and immune cell
function in atherogenic milieus. Macrophages and T cells undergo dynamic
metabolic reprogramming to meet the demands of activation and differentia-
tion, influencing plaque progression. Furthermore, metabolic intermediates in-
tricately regulate immune cell responses and atherosclerosis development.
Understanding the metabolic control of immune responses in atherosclerosis,
known as athero-immunometabolism, offers new avenues for preventive and
therapeutic interventions. This review elucidates the emerging intricate inter-
play between metabolism and immunity in atherosclerosis, underscoring the
significance of metabolic enzymes and metabolites as key regulators of dis-
ease pathogenesis and therapeutic targets.

Intersection of immunometabolism and atherosclerosis pathogenesis
Atherosclerosis is a life-threatening chronic inflammation resulting in a wide range of arterial
diseases, such as myocardial infarction and ischemic stroke, and remains the leading cause of
vascular death worldwide [1,2]. Despite successful interventions targeting both traditional and
non-traditional risk factors for atherosclerosis, the high prevalence of the disease highlights the
need for novel approaches toward targeting pro-atherogenic pathways [3].

Endothelial cell dysfunction and inflammatory activation that manifest in lesion-prone areas of the
arteries upset the vascular tone and play a key role in initiation and promotion of atherosclerotic
plague formation [4]. The vascular endothelium has numerous functions including coordination
of the inflammatory response [5,6]. Lining the inner layer of blood vessels, endothelial cells
serve as the interface between blood and tissues, directly in contact with blood. Consequently,
these cells are vulnerable to damage and inflammation induced by risk factors associated with
atherosclerosis, such as obesity, hypertension, poor nutrition, hypercholesterolemia, smoking,
or diabetes mellitus [7]. This susceptibility is particularly notable in regions of blood vessels
where flow is disturbed, predisposing them to the development of atherosclerotic plagues [8].

Recently, a novel research field termed ‘immunometabolism’ (see Glossary) has provided new
insight into our comprehension of the immune system in both health and disease [9]. Immune cell
metabolic reprogramming, which involves alterations in crucial intracellular metabolic pathways,
such as glycolysis, the tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS), the
pentose phosphate pathway (PPP), fatty acid synthesis (FAS) and [3-oxidation, and amino acid
metabolism, significantly regulates and shapes immune responses [10,11]. Moreover, metabo-
lites derived from these pathways or from gut microbiota play key roles in the modulation of met-
abolic pathways in immune cells and rewire their proliferation, polarization, and migration to
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peripheral tissues [12—14], and hence may represent major players in the modulation of vascular
inflammation in atherosclerosis.

A deeper understanding of metabolic reprogramming offers the potential for discovering immu-
noregulatory therapies aimed at preventing or treating metabolic inflammatory disease. In this re-
view, the role of immune cells in atherosclerosis progression and the influence of metabolic
pathways and metabolites on the metabolic adaptation of immune cells in atherogenic milieus
are discussed. Indeed, we focus our discussion on macrophages and T lymphocytes, as these
are the main immune cells whose metabolic contribution to atherosclerosis has been studied.
Nevertheless, we will also touch upon other immune cells.

Steps in plaque formation

Consequent to the initial lesion to the endothelium, both innate and adaptive immune responses
are triggered (Figure 1, Initial lesion). Circulating monocytes infiltrate subendothelial regions upon
binding to adhesion molecules upregulated on the endothelial cells, leading to the accumulation
of intimal macrophages [15] (Figure 1, Fatty streak). Furthermore, disturbed endothelial ho-
meostasis facilitates the transportation and entrapment of low-density lipoprotein (LDL) into the
subendothelial space [16], where it undergoes oxidation and is subsequently taken up by macro-
phages, leading to the development of foam cells (Figure 1, Initial lesion). Additionally, foam cells
derived from vascular smooth muscle cells (VSMCs) exacerbate the vascular inflammatory
response [3,17].

The accumulation of necrotic foam cells, cholesterol crystals, and cellular debris forms the lipid
core of the atherosclerotic plaque (Figure 1, Fatty streak). The consequent upregulation of multi-
ple chemokines and cytokines stimulates VSMCs to undergo proliferation and migration towards
the intima, resulting in the synthesis of extracellular matrix components such as collagen and elas-
tin (Figure 1, Atherosclerotic lesion). This process contributes to the formation of the fibrous cap
and thickening of the arterial wall [18].

Subsequently, the plaques expand as fibrous tissues proliferate, thereby restricting blood flow
(Figure 1, Fibrous plaque). In some cases, the fibrous cap thins because there is a decrease in
the synthesis of extracellular matrix macromolecules, while in other cases, plaques may progress
to accumulate a higher proportion of matrix and a lower proportion of lipid over time. Both types
of plaques eventually culminate in thrombosis, either through plaque rupture or superficial erosion
(Figure 1, Plague rupture), consequently leading to ST elevated myocardial infarction
(STEMI) or non-ST elevated myocardial infarction (NSTEMI) [19].

Plaque formation and vulnerability are not solely propelled by lipids but also by inflammation
[19,20] (Figure 1, right). Changes in the composition of numerous immune cells, including macro-
phages, dendritic cells, T cells, B cells, mast cells, and neutrophils, as well as the modified release
of cytokines, chemokines, and other bioactive molecules, disrupt the balance between inflamma-
tion and anti-inflammation at plaque formation sites [21]. For instance, vulnerable plagues have
fewer regulatory T cells and more effector T cells compared with stable plaques [22,23].

Metabolic regulation of immune cell function in atherosclerosis

Immune cells rely on a diverse array of metabolic pathways to support their functions and re-
sponses to various stimuli. Glycolysis, the process of breaking down glucose into pyruvate,
plays a central role in providing energy and biosynthetic precursors for rapid immune cell activa-
tion and proliferation [19,20]. OXPHOS, involving the utilization of substrates to produce ATP in
the mitochondria, is crucial for sustaining long-term immune cell functions such as memory
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Glossary

Anaplerosis: the formation of TCA
cycle intermediates to replenish the
extracted supplies.
Athero-immunometabolism: a study
of the effect of metabolism on the
functional role of immune cells in the
development of atherosclerosis.
Efferocytosis: the process by which
phagocytes internalize and degrade
apoptotic cells.

Ferroptosis: an iron-dependent cell
death that gives rise to lipid peroxidation
and oxidative cell death.

Foam cells: a type of macrophage cell
with a foamy appearance due to the
accumulation of lipid droplets and
cholesterol.

Glutaminolysis: the metabolic
pathway of deamination and
degradation of glutamine, producing
ATP and anabolic carbons.
Immunometabolism: a field of
research that focuses on the study of the
links and crosstalk between cellular
metabolism and immune cell function.
Intimal macrophages: macrophage
cells that differentiate from monocytes
after infiltrating the intima layer of blood
vessels.

Lipogenesis: the metabolic pathway of
fatty acid synthesis from non-lipid
precursors.

Non-ST elevated myocardial
infarction (NSTEMI): a heart attack
without elevation of the ST segment on
an electrocardiogram that happens due
to a partial blockage of an artery and
causes less damage to the heart
muscle.

ST-elevated myocardial infarction
(STEMI): ST is a wave segment on an
electrocardiogram that shows no
electrical activity in normal conditions
and hence is flat. STEMI is a heart attack
that shows a rise in the ST segment of
the wave on the electrocardiogram and
means that the heart muscle is in the
process of dying due to blockage of a
coronary artery.
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Figure 1. Atherosclerosis as a metabolic and chronic inflammatory disease. Damage to endothelial cells results in the
release of adhesion molecules and the accumulation of intimal macrophages. The oxidation of LDL and the subsequent formation
of foam cells intensify inflammation and the development of plagues. Plaque advancement occurs through lipid accumulation and
production of extracellular matrix components, resulting in arterial wall thickening and the formation of fibrous caps. Concurrently,
chronic inflammation ensues, as immune cells are recruited to the plaque site, secreting elevated levels of inflammatory mediators.
Finally, plaque rupture leads to clinical complications. Abbreviations: IFN-y, interferon-gamma; IL-6, interleukin 6; LDL, low-density
lipoprotein; TNF-a, tumour necrosis factor alpha; VSMCs, vascular smooth muscle cells.

formation [19,20]. Additionally, regulated metabolic pathways of the three main nutrients, includ-
ing carbohydrates, lipids, and amino acids, contribute to the metabolic flexibility of immune cells,
influencing their differentiation, cytokine production, and effector responses [20]. The balance
and coordination of these metabolic pathways are essential for maintaining immune cell homeo-
stasis and mounting effective immune responses [11].

In recent years, research has unveiled the intricate interplay between metabolic pathways and
immune cell function, shedding light on how metabolic reprogramming influences immune
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responses in health and disease. This dynamic relationship between metabolism and immunity
underscores the pivotal role of metabolic pathways in shaping the outcome of immune responses
and opens new avenues for therapeutic interventions targeting metabolic checkpoints to modu-
late immune cell behavior. In the following section, we delve into the fundamental aspects of me-
tabolism in macrophages and T lymphocytes, exploring how metabolic rewiring dictates their cell
fate and function in the context of atherosclerosis.

Macrophages

The metabolic reprogramming of macrophages is a dynamic and intricate process that shapes
their activation states and immune functions. Within atherosclerotic plaques, monocyte-derived
macrophages play pivotal roles in multiple facets of disease pathogenesis. Through the uptake
of modified lipoproteins, particularly oxidized LDL, macrophages transform into foam cells, lead-
ing to the accumulation of cholesterol esters and the initiation of plaque formation [24] (Figure 2).
The classical activation of macrophages towards a proinflammatory phenotype promotes plaque
progression by fostering oxidative stress, matrix degradation, and the recruitment of additional
immune cells. Conversely, alternative activation of macrophages towards an anti-inflammatory,
profibrotic phenotype may confer a protective role by promoting tissue repair, resolving
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Figure 2. Immune cell functions in atherosclerotic disease. Immune cells play multifaceted roles throughout the different
stages of atherosclerotic plague development, contributing to both plague initiation and progression, as well as its resolution or
destabilization. Macrophages are key orchestrators within atherosclerotic lesions and are responsible for the uptake of oxidized
lipoproteins (oxLDL), foam cell formation, and secretion of inflammatory mediators, driving plaque inflammation and
progression. The balance between proinflammatory and anti-inflammatory macrophages critically influences plaque stability
and vulnerability. T lymphocytes, including various subsets such as type 1 T helper (Th1), type 2 T helper (Th2), type 17 T
helper (Th17), and regulatory T cells (Tregs), exert diverse effects on atherosclerosis. Effector T cells promote inflammation
and plaque progression through cytokine production and interaction with macrophages. In some cases, they can have dual
roles. Tregs suppress excessive inflammation and promote plaque stability by exerting immunoregulatory functions. Other
immune cell populations, including B cells, mast cells, and neutrophils, also contribute to atherosclerotic plaque development
and progression through various mechanisms, including antibody production and modulation of inflammatory responses.
Abbreviations: APC, antigen-presenting cell; IFN-y, interferon-gamma; IL, interleukin; LDL, low-density lipoprotein; NETSs,
neutrophil extracellular traps; TGF-{3, transforming growth factor-beta; TNF-a, tumour necrosis factor alpha.

4 Trends in Biochemical Sciences, Month 2024, Vol. xx, No. xx


CellPress logo

Trends in Biochemical Sciences

inflammation, and limiting lesion development [25] (Figure 2). Several studies have highlighted
how changes in metabolism underlie this functional plasticity of macrophages [26].

The upregulation of glycolysis in proinflammatory macrophages supports their effector functions,
such as phagocytosis, the production of reactive oxygen species (ROS), and the increase in interleu-
kin (I)-6 and IL-1[3, as a consequence of dimerization and nuclear translocation of pyruvate kinase
M2 (PKM2) [27]. The PPP is also upregulated, thus supporting the generation of metabolic interme-
diates, nucleotides, amino acids, and ribose, which contribute to a proinflammatory phenotype
[28-30]. Furthermore, the TCA cycle is truncated, leading to accumulation of citrate and succinate
[29], with the latter being linked with regulation of IL-1[3 [31]. In accordance with this metabolic repro-
gramming, it has been shown that macrophages within plaques exhibit heightened expression of
glycolytic enzymes, leading to elevated levels of metabolites derived from both glycolysis and the
PPP, including citrate, fumarate, and succinate [32]. Fatty acid metabolism also plays a significant
role in macrophage function, linking FAS to atherosclerosis progression via inflammasome activation,
epigenetic modifications, and immune responses [33,34]. FAS is involved in macrophage polariza-
tion, and it has been reported that ATP citrate lyase (ACLY), an enzyme catalyzing a key initial step
in FAS, is upregulated in inflammatory macrophages in human atherosclerotic plaques [35]. In addi-
tion, deletion of fatty acid synthase (Fasn) reduces plague formation in ApoE™~ mice [34]. By con-
trast, anti-inflammatory macrophages exhibit a preference for OXPHOS, an intact TCA cycle, and
rely on mitochondrial respiration and fatty acid oxidation (FAO) to generate ATP and sustain long-
term repair and regenerative processes, with potential anti-atherosclerotic effects [29,36] (Figure 3).

The metabolic rewiring of macrophages extends beyond energy production to the utilization of
specific nutrients and metabolic intermediates to regulate immune responses. Arginine metabolism
is a prime example of how metabolic pathways dictate macrophage polarization. Proinflammatory
macrophages express inducible nitric oxide synthase (iNOS), which converts arginine to nitric oxide
(NO) and citrulline, promoting a proinflammatory phenotype. Furthermore, anti-inflammatory mac-
rophages upregulate arginase-1, which converts arginine to urea and omnithine, favoring tissue re-
pair and immunoregulatory functions [37]. Questions have been raised over whether iINOS is
indeed upregulated in circulating or infiltrating human M1 macrophages (differing from what is
seen in murine macrophages), and the main source of INOS seems to be tissue-resident macro-
phages [38]. In a recent study, it has been shown that in anti-inflammatory macrophages, the con-
version of arginine, derived from apoptotic cells, into ornithine and then putrescine promotes
efferocytosis, the process of clearing apoptotic cells, which aids in the resolution of atherosclero-
sis [39]. Moreover, glutamine metabolism influences macrophage activation, with glutamine serving
as a critical substrate for the production of inflammatory cytokines and NO, and is associated with
the development of atherosclerotic lesions [40]. Glutaminolysis is also implicated in the polariza-
tion of macrophages towards the anti-inflamsnmatory phenotype, and it has been reported that en-
hanced a-ketoglutarate (aKG) is important for the activation of this type of macrophage through
engagement of FAO and Jmjd3-dependent epigenetic reprogramming [41]. Furthermore, it has
been reported that glutaminase (GLS) 1-mediated glutaminolysis plays a crucial role in promoting
the clearance of apoptotic cells by macrophages, and impaired macrophage glutaminolysis in-
creases atherosclerosis [42]. Finally, changes in intracellular iron metabolism within macrophages
are intricately linked to macrophage polarization, the production of inflammatory mediators, and
ferroptosis, all of which collectively influence the advancement of atherosclerosis [43].

T lymphocytes

T cells, a crucial component of the adaptive immune system, undergo metabolic reprogramming
to support both protective and pathogenic processes, modulating the balance between immune
activation and tolerance, inflamsnmation, and tissue repair within atherosclerotic plaques. Unlike the
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Figure 3. Metabolic pathways in macrophages in atherosclerosis. Macrophages play a central role in atherosclerotic
plague development and progression, exhibiting distinct metabolic phenotypes that influence their inflammatory status and

functional properties. Proinflammatory macrophages, which

are prevalent in advanced atherosclerotic lesions, undergo

metabolic reprogramming characterized by enhanced glycolysis, activation of the pentose phosphate pathway (PPP), and
increased fatty acid synthesis (FAS). These metabolic adaptations, together with increased ferroptosis, fuel the production
of proinflammatory cytokines, reactive oxygen species (ROS), and damage-associated molecular patterns (DAMPs),
exacerbating local inflammation and promoting plaque instability. By contrast, anti-inflammatory macrophages, typically
found in early-stage lesions and during plague regression, show a metabolic preference for oxidative phosphorylation
(OXPHOS), the tricarboxylic acid cycle (TCA), and fatty acid oxidation (FAO). This metabolic profile, together with increased
efferocytosis, support an anti-inflammatory phenotype, promoting tissue repair and resolution of inflammation within the
plaque microenvironment. Abbreviations: ACLY, ATP citrate lyase; ACOD1, aconitate decarboxylase 1; a-KG, alpha-
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classical view on atherosclerosis that sees macrophages as the dominant immune force, recent
evidence from mass cytometry studies on human coronary arteries revealed that T cells outnum-
ber macrophages in human carotid artery plaques [44]. This is in striking contrast to plaques in
mice, in which the overall proportion of T cells is lower [45]. This suggests a much larger role of
T lymphocytes in the pathogenesis of atherosclerosis than what decades of research in the
field, largely driven by mouse-based research, had foreseen until recently.

The intracellular metabolism of T cells is tightly regulated to meet the energetic and biosynthetic
demands associated with their activation, proliferation, differentiation, and effector functions,
and regulates their contribution to disease progression [46].

Upon encountering antigens, naive T cells undergo a metabolic switch from a quiescent state
sustained by OXPHOS [47] to an activated state marked by increased glycolysis, a hallmark of
metabolic reprogramming in T cell activation [48,49] (Figure 4). This metabolic reprogramming
contributes to the increased expression of glycolysis and PPP genes, including those encoding
solute carrier family 2 member 1 (SLC2A1), solute carrier family 2 member 3 (SLC2A3), hexoki-
nase 2 (HK2), hexokinase 3 (HK3), aldolase (ALDOA), enolase 1 (ENO1), 6-phosphogluconate
dehydrogenase (6PGD), transketolase (TKT), and transaldolase (TALDO1), as well as the master
regulators hypoxia inducible factor 1 subunit alpha (HIF1A) and MYC, in atherosclerotic plaques
[50]. In addition, it has been shown that T cells in plaques overexpress pyruvate dehydrogenase
kinases (PDKs), which are associated with upregulation of inflammatory pathways [51]. In the
same study, the authors reported that targeting the PDK-pyruvate dehydrogenase (PDH) axis
with the small-molecule PDK inhibitor dichloroacetate in ApoE™~ mice reshaped the immune sys-
tem towards an anti-inflammatory phenotype, thus reducing vascular inflammation and athero-
genesis, and promoting plaque stability. The shift towards aerobic glycolysis facilitates rapid
production of ATP [52] and synthesis of metabolic intermediates necessary for T cell proliferation
and effector functions [53,54]. Effector T cells, such as cytotoxic CD8 T cells and type 1 T helper
(Th1) cells, favor glycolysis to support their rapid proliferation and effector responses. The in-
creased glycolytic metabolism is usually accompanied by anaplerosis, in order to replenish
TCA cycle intermediates. In patients with high-risk plagues, the levels of amino acids such as glu-
tamine and serine are reduced compared with low-risk plaques, suggesting increased
anaplerosis [50]. Recently, it has been reported that homoarginine reduces atherosclerosis in
mice through a modulation of T cell actin cytoskeleton, leading to reduced proliferation and cell
migration [55]. Furthermore, indoleamine 2,3-dioxygenase (IDO), which catalyzes the degrada-
tion of tryptophan in the kynurenine pathway, can counteract disease progression by promoting
de novo FoxP3* regulatory T cell (Treg) expansion [56]. Regulatory T cells and memory T cells ex-
hibit a preference for OXPHOS to maintain immunosuppressive functions and long-lasting im-
mune memory, respectively [57]. The balance between effectors and Tregs is also influenced
by FAS, and it has been shown that inhibition of acetyl-CoA carboxylase 1 (ACC1) impairs the for-
mation of human and mouse type 17 T helper (Th17) cells and promotes the development of anti-
inflammatory Foxp3™ Treg cells [58]. As mentioned earlier, T cell activation also induces the PPP
to produce building blocks for nucleotide and amino acid synthesis, alongside NADPH, which is
crucial for maintaining reduced glutathione levels and sustaining lipid biosynthesis [59]. In parallel,
T cells also rely on other metabolic pathways, such as glutamine metabolism, to fuel their activa-
tion and effector functions, highlighting the complex interplay between nutrient utilization and im-
mune responses in T cells [60]. Cholesterol signaling during atherosclerosis has been shown to

ketoglutarate; ARG1, arginase 1; CPT1, carnitine palmitoyltransferase I; CytC, cytochrome C; GLUT1, glucose transporter 1;
IDO, indoleamine 2,3 dioxygenase; INOS, inducible nitric oxide synthase; LDH, lactate dehydrogenase; NO, nitric oxide; Nrf2,
nuclear factor erythroid 2-related factor 2; PKM2, pyruvate kinase M2; Tf, transferrin.
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Figure 4. CD4 T cell metabolic profiles in the disease microenvironment. T cells undergo significant metabolic
reprogramming within the context of atherosclerosis. Proinflammatory (effector) T cells, such as type 1 T helper (Th1) and type
17 helper (Th17) cells, exhibit a metabolic preference for glycolysis, pentose phosphate pathway (PPP) activation, and fatty acid
synthesis (FAS), facilitating their proinflammatory functions and cytokine production. These metabolic pathways provide the
necessary energy, cofactors, and biosynthetic precursors to sustain the heightened metabolic demands associated with T cell
activation and effector responses. Conversely, regulatory T cells (Tregs), which possess anti-inflammatory and athero-
protective properties, display a metabolic profile characterized by oxidative phosphorylation (OXPHOS) and fatty acid oxidation
(FAO), together with increases in tryptophan (Trp) metabolism and the mevalonate pathway (MP). This metabolic signature
supports the suppressive functions of Tregs, contributing to the maintenance of immune tolerance and attenuation of
atherosclerotic inflammation. Abbreviations: ACC1, acetyl-CoA-carboxylase 1; CPT1, carnitine palmitoyltransferase I; LKB1,
liver kinase B1; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; PKM2, pyruvate kinase M2.

alter T cell function, with increased levels of cholesterol promoting atherosclerosis progression
through the conversion of Treg cells into effector T cells (Teff) cells [61,62].

Furthermore, metabolic intermediates and signaling pathways serve as critical regulators of T cell
function and immune responses. For instance, mammalian target of rapamycin (MTOR) signaling

integrates environmental cues, such as nutrient availability and cytokine signals, to orchestrate T
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cell metabolism and differentiation [63]. Moreover, metabolites like lactate, acetate, and itaconate
can modulate immune responses, inflammation, and immunometabolism in T cells, highlighting
the multifaceted roles of metabolic intermediates in regulating T cell immunity [64,65]. More spe-
cific links between such metabolites and atherosclerosis are discussed in the next sections.

Other immune cells

The field of athero-immunometabolism is in its infancy, and if there is some initial evidence of
the role of metabolic reprogramming of macrophages and T cells in atherosclerosis, almost
nothing has been published so far for other immune cells.

Metabolite control of the immune response in atherosclerosis

Metabolites have been rediscovered over the past decade to be not mere intermediates of me-
tabolism but as having signaling properties [66]. They can organize entire networks of crosstalk
within and across tissues both in physiology and disease, such as succinate signaling in liver in-
flammation and muscle adaptation to exercise, or the lactate generated by glia in response to
growth factors signaling a conducive environment for neuronal axon growth [67]. The role of
some metabolites in atherosclerosis is only beginning to surface and is described later.

Lipid signaling

Lipids were initially recognized as structural components of cellular, organelle, and nuclear mem-
branes. Recently, however, lipids and their metabolites have been increasingly acknowledged as
key players in intricate signaling pathways that modulate immune cells in multiple ways, including
their response to pathogens, phagocytosis, and inflammation, with implications in a range of
metabolic diseases [68]. Thus, understanding how lipid metabolism can regulate immune cell
response may be useful for potential therapies [69].

Current evidence suggests that a variety of macrophage phenotypes occur in atherosclerotic
plaques, with local lipids and oxidized phospholipids altering their phenotype. Indeed,
atherosclerosis-associated macrophage polarization dramatically affects the lipid-handling
capacity of these cells, underpinned by major transcriptomic changes and altered levels of
lipid-handling proteins [70].

Indeed, lipids and their metabolites are players in intricate signaling pathways that modulate
macrophage responses to pathogens, phagocytosis, ferroptosis, and infammation. While
lipogenesis is crucial for lipid accumulation and phagocytosis in inflammatory macrophages,
anti-inflammatory macrophages rely on lipid uptake and fatty acid [3-oxidation to utilize fatty
acids as their primary energy source (Figure 3). Cholesterol metabolism, regulated by factors
such as sterol regulatory element binding proteins (SREBPSs), peroxisome proliferator-activated
receptors (PPARs), and liver X receptors (LXRs), is associated with the cholesterol efflux capacity
and the formation of foam cells [68]. Foam cells, which are targets for atherosclerosis, are asso-
ciated with an increase in inflammatory cytokines. Lipolysis and fatty acid uptake carriers, such as
CD38, also contribute to the production of inflammatory cytokines in a feed-forward loop [71].
Hence, the traditional view that lipid accumulation passively promotes macrophage transition to
foam cells is now being reassessed on the basis of the signaling properties of lipids and the inter-
links between lipid signaling and immune pathways, such as for cytokines production.

Gut microbiota-derived metabolites

Microbial metabolites produced by the gut microbiome can modulate the expression of genes in-
volved in cholesterol metabolism and inflammation, and hence control immune cell activation and
polarization, with consequences for the cardiovascular system [72].
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Short-chain fatty acids produced by the gut microbiome, such as acetate, butyrate, and propio-
nate, can promote anti-inflammatory macrophage phenotypes and reduce atherosclerosis devel-
opment (Figure 3). It was shown that butyrate inhibits monocyte attachment to injured endothelial
cells by decreasing the synthesis of adhesion molecules, such as vascular cell adhesion molecule
1 (VCAM-1) and endothelialeukocyte adhesion molecule 1 (E-selectin) [73]. Histone deacetylase
(HDAC) was shown to be the enzyme mediating butyrate's repression of monocyte adhesion and
VCAM-1 expression [74].

Haghikia et al. demonstrated that supplementation with propionate reduced total and LDL cho-
lesterol levels in the blood. In ApoE ™~ mice fed a high-fat diet, propionate reduced intestinal cho-
lesterol absorption and aortic atherosclerotic lesion area. Propionate acted by increasing the
number of Tregs and IL-10 levels in the intestine, which, in turn, suppressed the expression of
Niemann—Pick C1-like 1 (Npc111), a major intestinal cholesterol transporter. Blockade of IL-10 re-
ceptor signaling attenuated the propionate-related reduction in total and LDL cholesterol and
augmented atherosclerotic lesion severity [75]. In future studies, it would be interesting to see
the effect of genetic inhibition of propionate synthesis by the gut microbiome on cardiovascular
health and atherosclerosis. The authors went on to conduct a randomized, double-blinded,
placebo-controlled human study (clinical trial No. NCT03590496). Oral supplementation with
propionate significantly reduced LDL and non-high-density lipoprotein cholesterol levels [75].

Trimethylamine N-oxide (TMAQO) produced by the gut microbiome can promote proinflammatory
macrophage phenotypes and contribute to atherosclerosis development. By activating the
farnesoid X receptor (FXR) and its small heterodimer partners, TMAQO restricted the production
of bile acid and facilitated the development of aortic lesions in atherosclerosis-prone ApoE™~
mice [76]. The capacity of TMAO to enhance the expression of CD36, the Class A1 scavenger
receptor, and the cholesterol migration-associated gene ATP binding cassette transporter A1
(ABCAT1) resulted in the accumulation of cholesterol in macrophages [77].

Overall, targeting microbial metabolites through dietary interventions, probiotics, or pharmacolog-
ical approaches may be a potential therapeutic strategy for treating and preventing atherosclerosis.

[taconate

[taconate is an intermediate of the Krebs cycle that accumulates in lipopolysaccharide (LPS)-
activated macrophages and initially highlighted for its antimicrobial properties [78]. In recent
years, 4-0l, a derivative of itaconate, has been rediscovered as an anti-inflammatory metabo-
lite that acts via the antioxidant transcription factor known as nuclear factor erythroid 2-related fac-
tor 2 (Nrf2) to limit inflamsnmation [79] (Figure 3). Hence, it has been proposed as a therapeutic in a
number of disease settings [30].

Perhaps unsurprisingly, then, arole for itaconate in atherosclerosis was also recently found. Three
studies have recently reported a role for itaconate and its synthesizing enzyme, aconitate decar-
boxylase 1 (ACOD1, also known as IRG1), in protection against atherosclerosis [81,82]. Song
et al. showed that itaconate and Acod1 are upregulated during atherogenesis in mice. Deletion
of Acod1 in myeloid cells exacerbated inflammation and atherosclerosis in vivo and resulted in
an elevated frequency of a specific subset of proinfllmmatory macrophages in the atherosclerotic
aorta. Importantly, ACOD1 levels were inversely correlated with clinical occlusion in atherosclero-
tic human aorta specimens. Treating mice with the itaconate derivative 4-octyl itaconate attenu-
ated the inflammation and atherosclerosis induced by high cholesterol. Mechanistically, they
found that Nrf2 was required for itaconate to suppress macrophage activation induced by oxi-
dized lipids in vitro and to decrease atherosclerotic lesion areas in vivo [82]. Harber et al. found
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that atherogenesis-prone mice transplanted with Acod1™~ bone marrow displayed a more stable

plague phenotype with smaller necrotic cores and showed increased recruitment of monocytes
to the vessel intima. Macrophages from Acod1~~ mice contained more lipids whilst also display-
ing reduced induction of apoptosis [81]. Finally, Cyr et al. [83] used cytometry by time of flight
(CyTOF) and single-cell RNA-sequencing (scRNA-seq) of peripheral blood mononuclear cells
treated with plasma from cardiovascular disease (CVD) patients to show that 4-Ol attenuates pro-
inflammatory phospho-signaling and mediates the anti-inflammatory rewiring of macrophage
populations. Overall, these three studies highlight the relevance of pursuing IRG1-itaconate
axis supplementation as a therapeutic approach for atherosclerosis in humans. Overall, the
data point to the ACOD1-itaconate axis as potentially targetable for therapeutic gain.

Concluding remarks

Understanding the metabolic control of immune responses in atherosclerosis, ‘athero-
immunometabolism’, is an emerging area, and metabolites and metabolic enzymes are the key
to the regulation of such pathways. If we want to identify novel approaches to prevent or treat ath-
erosclerosis, immunometabolism represents a goldmine. For instance, inhibitors of metabolic en-
zymes are being developed, such as those for PKM2, as they show promise for anti-inflamsnmation
approaches. Another avenue being explored is targeting microbial metabolites through dietary in-
terventions, probiotics, or pharmacological methods for treating and preventing atherosclerosis.
Similarly, itaconate is being developed for anti-inflammatory approaches in a plethora of diseases
characterized by inflammation. Last, G protein-coupled receptor (GPCR) binding metabolites are
likely to become a target of intense research in the near future, as the pharmacology for such re-
ceptors is well developed, holding promise for therapeutic gain (Box 1).

Related research work that will appear in the near future will resonate beyond the area of CVD and
immunology, into the field of genetics. Those studying the associations between genetic charac-
teristics and the risk of atherosclerosis are likely to identify mutations that occur in key genes that
regulate metabolic pathways or control the entry and exit of metabolites into cells, adding new
layers to previous known risk factors. Hence, the athero-immunometabolism field has the

Box 1. Metabolite-sensing G protein-coupled receptors (GPCRs)

GPCRs constitute the largest family of membrane proteins in mammals, and they participate in the regulation of major
physiological functions in the organism. A growing number of GPCRs have now been identified as metabolite-sensing
and are activated by intermediates of energy metabolism, including the free fatty acids (FFAs), lactate, succinate, and ke-
tone bodies, among others, and play a key role in metabolic disorders [84,35].

GPCRs for long-, medium-, and short-chain fatty acids have been identified. They have been linked to inflammation and
metabolic control, relating them to a range of metabolic conditions, from obesity to Type 2 diabetes. GPR91 was shown
to be the unique receptor for succinate through experiments in GPR91 knockout mice, where administration of increasing
doses of succinate raised the mean arterial blood pressure via increased secretion of renin in wild-type but not GPR91
knockout mice. However, GPRI1 displayed a high ECs, for succinate (low millimolar) compared with physiological plasma
levels of succinate (low micromolar), suggesting that the pathophysiological relevance of succinate may lie in situations
where the blood supply to the kidney is restricted, such as renal atherosclerosis or ischemia [86].

Niacin has been known for a long time to be a potent agent controlling lipid levels in the plasma of patients at an increased
risk of atherosclerosis. More recently, it was shown that niacin acts via GPR109A. Indeed, niacin was able to inhibit ath-
erosclerosis in Ldir”~ mice but not in Ldlr”~ Gpr109a™~ mice [87]. However, this area remains controversial, as another
study concluded that in their animal model of atherosclerosis, the GPR109A receptor was not responsible for the beneficial
lipid effects of niacin [88]. In addition to its anti-atherogenic effects on plasma lipids, niacin has anti-inflammatory effects,

which have been ascribed to GPR109A-expressing immune cells [89].

Overall, studies are emerging to show that metabolite-sensing GPCRs may provide targets for the design of novel thera-
pies for metabolic diseases, including atherosclerosis.

¢? CellPress

Outstanding questions

What is the metabolic fuel of immune cell
responses in human atherosclerotic
plaques?

What metabolic enzymes, metabolite
sensors, or metabolic supplements
play key roles in atherosclerosis
and can be harnessed to prevent,
stabilize, or resolve the plaque?

How do systemic metabolic factors,
such as obesity, diabetes, and
dyslipidemia, influence immune
cell metabolism and function in
atherosclerosis, and can targeting

systemic metabolism offer novel
approaches for managing
atherosclerosis?
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potential to fill the existing gap, whereby individuals that do not exhibit the known risk factors still
suffer from infarcts or strokes, even at a young age (see Outstanding questions).

Acknowledgments
C.M. is supported by a British Heart Foundation Senior Research Fellowship (FS/SBSRF/22/31031). The figures were
created by M.C. using BioRender.

Declaration of interests
The authors have no interests to declare.

References

N

w

N

o

~

o]

©

2

22.

12  Trends in Biochemical Sciences, Month 2024, Vol. xx, No. xx

. Dai, H. et al. (2022) Global, regional, and national burden of isch-

aemic heart disease and its attributable risk factors, 1990-2017:
results from the Global Burden of Disease Study 2017. Eur. Heart
J. Qual. Care Clin. Outcomes 8, 50-60

. Herrington, W. et al. (2016) Epidemiology of atherosclerosis and

the potential to reduce the global burden of atherothrombotic
disease. Circ. Res. 118, 5635-546

. Libby, P. (2021) The changing landscape of atherosclerosis. Nature

592, 524-533

. Botts, S.R. et al. (2021) Dysfunctional vascular endothelium as a

driver of atherosclerosis: emerging insights into pathogenesis
and treatment. Front. Pharmacol. 12, 787541

. Ricard, N. et al. (2021) The quiescent endothelium: signalling

pathways regulating organ-specific endothelial normalcy. Nat.
Rev. Cardiol. 18, 565-580

. Certo, M. et al. (2021) Endothelial cell and T-cell crosstalk:

targeting metabolism as a therapeutic approach in chronic in-
flammation. Br. J. Pharmacol. 178, 2041-2059

. Libby, P. et al. (2009) Inflammation in atherosclerosis: from path-

ophysiology to practice. J. Am. Coll. Cardiol. 54, 2129-2138

. Tamargo, I.A. et al. (2023) Flow-induced reprogramming of en-

dothelial cells in atherosclerosis. Nat. Rev. Cardiol. 20, 738-753

. Ketelhuth, D.F.J. et al. (2019) Immunometabolism and athero-

sclerosis: perspectives and clinical significance: a position
paper from the Working Group on Atherosclerosis and Vascular
Biology of the European Society of Cardiology. Cardiovasc. Res.
115, 1385-1392

. Tawakol, A. et al. (2015) HIF-1a and PFKFB3 mediate a tight re-

lationship between proinflammatory activation and anerobic me-
tabolism in atherosclerotic macrophages. Arterioscler. Thromb.
Vasc. Biol. 35, 1463-1471

. O'Neill, L.AJ. et al. (2016) A guide to immunometabolism for im-

munologists. Nat. Rev. Immunol. 16, 553-565

. Certo, M. et al. (2022) Understanding lactate sensing and signal-

ling. Trends Endocrinol. Metab. 33, 722-735

. van Tuij, J. et al. (2019) Immunometabolism orchestrates training of in-

nate immunity in atherosclerosis. Cardiovasc. Res. 115, 1416-1424

. Binder, C. and Norata, G.D. (2021) Dyslipidaemia and regulatory

T-cell migration: an immunometabolic connection? Cardiovasc.
Res. 117, 1235-1237

. Jaipersad, A.S. et al. (2014) The role of monocytes in angiogen-

esis and atherosclerosis. J. Am. Coll. Cardiol. 63, 1-11

. Mundi, S. et al. (2018) Endothelial permeability, LDL deposition,

and cardiovascular risk factors — a review. Cardiovasc. Res.
114, 35-52

. Libby, P. et al. (2002) Inflammation and atherosclerosis. Circulation

105, 1135-1143

. Bennett, M.R. et al. (2016) Vascular smooth muscle cells in ath-

erosclerosis. Circ. Res. 118, 692-702

. Libby, P. (2021) Inflammation during the life cycle of the athero-

sclerotic plaque. Cardiovasc. Res. 117, 2525-2536

. Gerhardt, T. et al. (2021) Immune mechanisms of plaque instabil-

ity. Front. Cardiovasc. Med. 8, 797046

. Winkels, H. et al. (2018) Atlas of the immune cell repertoire in

mouse atherosclerosis defined by single-cell RNA-sequencing
and mass cytometry. Circ. Res. 122, 1675-1688

Ammirati, E. et al. (2012) Effector memory T cells are associated
with atherosclerosis in humans and animal models. J. Am. Heart
Assoc. 1, 27-41

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Dietel, B. et al. (2013) Decreased numbers of regulatory T cells are as-
sociated with human atherosclerotic lesion vulnerability and inversely
correlate with infiltrated mature dendritic cells. Atherosclerosis 230,
92-99

Sukhorukov, V.N. et al. (2020) Lipid metabolism in macrophages:
focus on atherosclerosis. Biomedicines 8, 262

Hou, P. et al. (2023) Macrophage polarization and metabolism in
atherosclerosis. Cell Death Dis. 14, 691

Koelwyn, G.J. et al (2018) Regulation of macrophage
immunometabolism in atherosclerosis. Nat. Immunol. 19, 526-637
Shirai, T. et al. (2016) The glycolytic enzyme PKM2 bridges met-
abolic and inflammatory dysfunction in coronary artery disease.
J. Exp. Med. 213, 337-354

Nagy, C. and Haschemi, A. (2015) Time and demand are two
critical dimensions of immunometabolism: the process of macro-
phage activation and the pentose phosphate pathway. Front.
Immunol. 6, 164

Jha, AK. et al. (2015) Network integration of parallel metabolic
and transcriptional data reveals metabolic modules that regulate
macrophage polarization. Immunity 42, 419-430

Baardman, J. et al. (2018) A defective pentose phosphate path-
way reduces inflammatory macrophage responses during hyper-
cholesterolemia. Cell Rep. 25, 2044-2052

Tannahill, G.M. et al. (2013) Succinate is an inflammatory signal
that induces IL-1f through HIF-1a. Nature 496, 238-242
Yamashita, A. et al. (2014) Increased metabolite levels of glycol-
ysis and pentose phosphate pathway in rabbit atherosclerotic ar-
teries and hypoxic macrophage. PLoS One 9, e86426

Castoldi, A. et al. (2020) Triacylglycerol synthesis enhances mac-
rophage inflammatory function. Nat. Commun. 11, 4107
Schneider, J.G. et al. (2010) Macrophage fatty-acid synthase de-
ficiency decreases diet-induced atherosclerosis. J. Biol. Chem.
285, 23398-23409

Feng, X. et al. (2020) ATP-citrate lyase (ACLY) in lipid metabolism
and atherosclerosis: an updated review. Prog. Lipid Res. 77,
101006

Vats, D. et al. (2006) Oxidative metabolism and PGC-1beta at-
tenuate macrophage-mediated inflammation. Cell Metab. 4,
13-24

Rath, M. et al. (2014) Metabolism via arginase or nitric oxide syn-
thase: two competing arginine pathways in macrophages. Front.
Immunol. 5, 532

Wilmes, V. et al. (2023) INOS expressing macrophages co-
localize with nitrotyrosine staining after myocardial infarction in
humans. Front. Cardiovasc. Med. 10, 1104019

Yurdagul, A. et al. (2020) Macrophage metabolism of apoptotic
cell-derived arginine promotes continual efferocytosis and reso-
lution of injury. Cell Metab. 31, 518-533

Palani, S. et al. (2022) Exploiting glutamine consumption in ath-
erosclerotic lesions by positron emission tomography tracer
(2S,4R)-4-18F-flucroglutamine. Front. Immunol. 13, 821423
Liu, P.-S. et al. (2017) a-Ketoglutarate orchestrates macrophage
activation through metabolic and epigenetic reprogramming.
Nat. Immunol. 18, 985-994

Merlin, J. et al. (2021) Non-canonical glutamine transamination
sustains efferocytosis by coupling redox buffering to oxidative
phosphorylation. Nat. Metab. 3, 1313-1326

Wang, L. et al. (2023) Ironing out macrophages in atherosclero-
sis. Acta Biochim. Biophys. Sin. Shanghai 55, 1-10


http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0010
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0010
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0010
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0015
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0015
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0020
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0020
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0020
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0025
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0025
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0025
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0030
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0030
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0030
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0035
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0035
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0040
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0040
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0045
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0045
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0045
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0045
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0045
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0050
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0050
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0050
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0050
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0055
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0055
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0060
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0060
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0065
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0065
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0070
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0070
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0070
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0075
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0075
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0080
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0080
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0080
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0085
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0085
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0090
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0090
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0095
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0095
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0100
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0100
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0105
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0105
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0105
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0110
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0110
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0110
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0115
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0115
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0115
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0115
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0120
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0120
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0125
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0125
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0130
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0130
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0135
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0135
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0135
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0140
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0140
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0140
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0140
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0145
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0145
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0145
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0150
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0150
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0150
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0155
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0155
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0160
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0160
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0160
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0165
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0165
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0170
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0170
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0170
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0175
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0175
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0175
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0180
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0180
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0180
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0185
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0185
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0185
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0190
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0190
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0190
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0195
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0195
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0195
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0200
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0200
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0200
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0205
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0205
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0205
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0210
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0210
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0210
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0215
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0215
CellPress logo

Trends in Biochemical Sciences

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Fernandez, D.M. et al. (2019) Single-cell immune landscape of
human atherosclerotic plaques. Nat. Med. 25, 1576-1588
Cole, J.E. et al. (2018) Immune cell census in murine atheroscle-
rosis: cytometry by time of flight illuminates vascular myeloid cell
diversity. Cardiovasc. Res. 114, 1360-1371

Buck, M.D. et al. (2015) T cell metabolism drives immunity.
J. Exp. Med. 212, 1345-1360

Fox, C.J. et al. (2005) Fuel feeds function: energy metabolism
and the T-cell response. Nat. Rev. Immunol. 5, 844-852
Frauwirth, K.A. et al. (2002) The CD28 signaling pathway regu-
lates glucose metabolism. Immunity 16, 769-777

Menk, A.V. et al. (2018) Early TCR signaling induces rapid aero-
bic glycolysis enabling distinct acute T cell effector functions.
Cell Rep. 22, 1509-1521

Tomas, L. et al. (2018) Altered metabolism distinguishes high-risk
from stable carotid atherosclerotic plaques. Eur. Heart J. 39,
2301-2310

Forteza, M.J. et al. (2023) Pyruvate dehydrogenase kinase regu-
lates vascular inflammation in atherosclerosis and increases car-
diovascular risk. Cardiovasc. Res. 119, 15624-1536

Delgoffe, G.M. and Powell, J.D. (2015) Sugar, fat, and protein:
new insights into what T cells crave. Curr. Opin. Immunol. 33,
49-54

Chang, C.-H. et al. (2013) Posttranscriptional control of T cell ef-
fector function by aerobic glycolysis. Cell 153, 1239-1251
Peng, M. et al. (2016) Aerobic glycolysis promotes T helper 1 cell
differentiation through an epigenetic mechanism. Science 354,
481-484

Nitz, K. et al. (2022) The amino acid homoarginine inhibits athero-
genesis by modulating T-cell function. Circ. Res. 131, 701-712
Forteza, M.J. et al. (2018) Activation of the regulatory T-cell/
indoleamine 2,3-dioxygenase axis reduces vascular inflamma-
tion and atherosclerosis in hyperlipidemic mice. Front. Immunol.
9, 950

De Rosa, V. et al. (2015) Glycolysis controls the induction of
human regulatory T cells by modulating the expression of
FOXP3 exon 2 splicing variants. Nat. Immunol. 16, 1174-1184
Berod, L. et al. (2014) De novo fatty acid synthesis controls the
fate between regulatory T and T helper 17 cells. Nat. Med. 20,
1327-1333

van der Windt, G.J.W. and Pearce, E.L. (2012) Metabolic
switching and fuel choice during T-cell differentiation and mem-
ory development. Immunol. Rev. 249, 27-42

Nakaya, M. et al. (2014) Inflammatory T cell responses rely on
amino acid transporter ASCT2 facilitation of glutamine uptake
and mTORC1 kinase activation. Immunity 40, 692-705

Gaddis, D.E. et al. (2018) Apolipoprotein Al prevents regulatory
to follicular helper T cell switching during atherosclerosis. Nat.
Commun. 9, 1095

Mor, A. et al. (2007) Role of naturally occurring CD4+ CD25+
regulatory T cells in experimental atherosclerosis. Arterioscler.
Thromb. Vasc. Biol. 27, 893-900

Chapman, N.M. and Chi, H. (2014) mTOR links environmental
signals to T cell fate decisions. Front. Immunol. 5, 686

Jing, X. et al. (2023) Acetate regulates GAPDH acetylation and T
helper 1 cell differentiation. Mol. Biol. Cell 34, br10

Pucino, V. et al. (2019) Lactate buildup at the site of chronic in-
flammation promotes disease by inducing CD4+ T cell metabolic
rewiring. Cell Metab. 30, 1055-1074

Haas, R. et al. (2016) Intermediates of metabolism: from by-
standers to signalling molecules. Trends Biochem. Sci. 41,
460-471

Baker, S.A. and Rutter, J. (2023) Metabolites as signalling mole-
cules. Nat. Rev. Mol. Cell Biol. 24, 355-374

68.

69.

70.

7

iy

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Cucchi, D. et al. (2019) Fatty acids — from energy substrates to
key regulators of cell survival, proliferation and effector function.
Cell Stress 4, 9-23

Kucuk, S. et al. (2021) Unwrapping the mechanisms of ceramide
and fatty acid-initiated signals leading to immune-inflammatory
responses in obesity. Int. J. Biochem. Cell Biol. 135, 105972
Baidzajevas, K. et al. (2020) Macrophage polarisation associated
with atherosclerosis differentially affects their capacity to handle
lipids. Atherosclerosis 305, 10-18

. Vassiliou, E. and Farias-Pereira, R. (2023) Impact of lipid metab-

olism on macrophage polarization: implications for inflammation
and tumor immunity. Int. J. Mol. Sci. 24, 12032

Yang, Y. et al. (2023) The interplay between microbial metabo-
lites and macrophages in cardiovascular diseases: a comprehen-
sive review. Int. Immunopharmacol. 121, 110546

Wang, Y. et al. (2020) Butyrate mitigates TNF-a-induced attach-
ment of monocytes to endothelial cells. J. Bioenerg. Biomembr.
52, 247-256

Li, M. et al. (2018) The anti-inflammatory effects of short chain
fatty acids on lipopolysaccharide- or tumor necrosis factor a-
stimulated endothelial cells via activation of GPR41/43 and inhibi-
tion of HDACs. Front. Pharmacol. 9, 5633

Haghikia, A. et al. (2022) Propionate attenuates atherosclerosis
by immune-dependent regulation of intestinal cholesterol metab-
olism. Eur. Heart J. 43, 518-533

Ding, L. et al. (2018) Trimethylamine-N-oxide (TMAQ)-induced
atherosclerosis is associated with bile acid metabolism. Lipids
Health Dis. 17, 286

Wang, L. et al. (2022) The role of the gut microbiota in health and
cardiovascular diseases. Mol. Biomed. 3, 30

Michelucci, A. et al. (2013) Immune-responsive gene 1 protein
links metabolism to immunity by catalyzing itaconic acid produc-
tion. Proc. Natl. Acad. Sci. U. S. A. 110, 7820-7825

Mills, E.L. et al. (2018) ltaconate is an anti-inflammatory metabolite
that activates Nrf2 via alkylation of KEAP1. Nature 556, 113-117
Aso, K. et al. (2023) Itaconate ameliorates autoimmunity by mod-
ulating T cell imbalance via metabolic and epigenetic reprogram-
ming. Nat. Commun. 14, 984

Harber, K.J. et al. (2024) Targeting the ACOD1-itaconate axis
stabilizes atherosclerotic plaques. Redox Biol. 70, 103054
Song, J. et al. (2023) Itaconate suppresses atherosclerosis by
activating a Nrf2-dependent antiinflammatory response in mac-
rophages in mice. J. Clin. Invest. 134, e173034

Cyr, Y. et al. (2024) The IRG1-itaconate axis protects from cho-
lesterol-induced inflammation and atherosclerosis. Immunol.
Inflamm. 121, e2400675121

Recio, C. et al. (2018) The role of metabolite-sensing G protein-
coupled receptors in inflammation and metabolic disease.
Antioxid. Redox Signal. 29, 237-256

Certo, M. et al. (2021) Lactate modulation of immune responses
in inflammatory versus tumour microenvironments. Nat. Rev.
Immunol. 21, 151-161

Hamel, D. et al. (2014) G-protein-coupled receptor 91 and
succinate are key contributors in neonatal postcerebral
hypoxia-ischemia recovery. Arterioscler. Thromb. Vasc. Biol.
34, 285-293

Lukasova, M. et al. (2011) Nicotinic acid inhibits progression of
atherosclerosis in mice through its receptor GPR109A
expressed by immune cells. J. Clin. Invest. 121, 1163-1173
Lauring, B. et al. (2012) Niacin lipid efficacy is independent of
both the niacin receptor GPR109A and free fatty acid suppres-
sion. Sci. Transl. Med. 4, 148rai15

Offermanns, S. (2012) It ain’t over ’til the fat lady sings. Sci.
Transl. Med. 4, 148fs30

¢ CellP’ress
OPEN ACCESS

Trends in Biochemical Sciences, Month 2024, Vol. xx, No. xx 13



http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0220
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0220
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0225
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0225
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0225
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0230
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0230
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0235
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0235
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0240
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0240
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0245
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0245
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0245
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0250
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0250
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0250
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0255
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0255
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0255
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0260
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0260
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0260
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0265
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0265
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0270
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0270
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0270
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0275
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0275
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0280
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0280
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0280
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0280
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0285
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0285
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0285
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0290
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0290
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0290
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0295
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0295
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0295
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0300
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0300
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0300
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0305
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0305
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0305
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0310
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0310
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0310
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0315
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0315
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0320
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0320
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0325
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0325
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0325
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0330
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0330
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0330
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0335
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0335
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0340
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0340
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0340
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0345
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0345
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0345
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0350
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0350
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0350
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0355
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0355
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0355
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0360
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0360
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0360
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0365
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0365
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0365
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0370
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0370
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0370
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0370
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0375
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0375
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0375
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0380
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0380
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0380
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0385
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0385
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0390
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0390
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0390
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0395
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0395
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0400
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0400
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0400
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0405
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0405
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0410
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0410
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0410
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf2005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf2005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf2005
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0415
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0415
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0415
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0420
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0420
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0420
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0425
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0425
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0425
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0425
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0430
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0430
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0430
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0435
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0435
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0435
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0440
http://refhub.elsevier.com/S0968-0004(24)00146-4/rf0440
CellPress logo

	Immunometabolism in atherosclerosis: a new understanding of an old disease
	Intersection of immunometabolism and atherosclerosis pathogenesis
	Steps in plaque formation
	Metabolic regulation of immune cell function in atherosclerosis
	Macrophages
	T lymphocytes
	Other immune cells

	Metabolite control of the immune response in atherosclerosis
	Lipid signaling
	Gut microbiota-derived metabolites
	Itaconate

	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




